The expansion of plants onto land was a formative event that brought forth profound 12 changes to the Earth's geochemistry and biota. Filamentous eukaryotic microbes 13 developed the ability to colonize plant tissues early during the evolution of land 14 plants, as demonstrated by intimate symbiosis-like associations in >400 million-year-15 old fossils. However, the degree to which filamentous microbes establish pathogenic 16 interactions with early divergent land plants is unclear. Here, we demonstrate that 17 the broad host-range oomycete pathogen Phytophthora palmivora colonizes 18 liverworts, the earliest divergent land plant lineage. We show that P. palmivora 19 establishes a complex tissue-specific interaction with Marchantia polymorpha, where 20 it completes a full infection cycle within air chambers of the dorsal photosynthetic 21 layer. Remarkably, P. palmivora invaginates M. polymorpha cells with haustoria-like 22 structures that accumulate host cellular trafficking machinery and the membrane-23 syntaxin MpSYP13B but not the related MpSYP13A. Our results indicate that the 24 intracellular accommodation of filamentous microbes is an ancient plant trait that is 25 successfully exploited by pathogens like P. palmivora.
INTRODUCTION
Plant-microbe associations are ubiquitous throughout the plant kingdom, 39 which suggests that the ability to support microbial colonization occurred early during 40 the evolution of land plants. Extensive evidence reveals that the first land plants 41 were colonized by filamentous eukaryotic microbes, as several fossils from the P. palmivora establishes a biotrophic interaction with host-intracellular 181 oomycete hyphae 182 The colonization of higher plant tissues by P. palmivora is associated with 183 distinct transitions in pathogen lifestyle. These transitions are typically characterized 184 by the presence of specialized penetration/infection structures and clear shifts in the 185 P. palmivora transcriptome [28] . We first performed confocal fluorescence 186 microscopy to document the pathogen lifestyle transitions that occur during the 187 colonization of TAK1 thalli (Fig 2A) . At 1 dpi, hyphae of germinated zoospores 188 appeared to wander along the surface of the thallus without developing appressorial 189 penetration structures ( Fig 1B, Fig 2A, Fig S2) . The colonization of plant tissues 190 occurred by 2 dpi and was associated with the development of biotrophic intracellular 191 infection structures. We observed typical digit-like haustoria, however, highly 192 branched intracellular structures and intracellular hyphae were observed in greater 193 abundance (Fig 2A) . For every digit-like haustorium, there were approximately four 194 times as many branched intracellular structures and twice as many instances of 7 intracellular hyphal growth. Intracellular structures were also observed during 196 interactions with L. cruciata and M. paleacea, however digit or knob-like haustoria 197 appeared to be more prevalent than branched infection structures ( Fig S4B) . 198 Sporangia were observed by 3-4 dpi (Fig 2A) , indicating that P. palmivora completes 199 a full infection cycle in Marchantia. 200 201 To further clarify the timing of pathogen lifestyle transitions during the 202 Marchantia-Phytophthora interaction, we monitored the expression of lifestyle-203 associated P. palmivora marker genes over a four-day infection time course by qRT- 204 PCR analysis ( Fig 2B) . Levels of the P. palmivora biomass marker PpEF1a 205 significantly increased over time, which is consistent with our microscopic analyses 206 ( Fig 1B, Fig S2) . The biotrophy-specific marker gene PpHmp1 (Haustoria Membrane 207 Protein1 [35]) peaked in expression at 2 dpi, while the sporulation-specific cell cycle 208 marker gene PpCdc14 [36] was induced by 3-4 dpi. These results are consistent with 209 our microscopy data that demonstrates intracellular infection structures at 2 dpi and 210 sporangia at 3-4 dpi (Fig 2A) . Collectively, our results indicate that the P. palmivora 211 infection cycle in Marchantia begins with spore germination and hyphal growth at 1 212 dpi, followed by a biotrophic phase that includes intracellular infection structures at 2-213 3 dpi, and ends with the completion of the pathogen's asexual life-cycle after 3 dpi.
215
The transcriptional induction of pathogen genes encoding secreted effector 216 proteins is a hallmark of Phytophthora-angiosperm interactions. Among these 217 secreted proteins, the RXLR class of effectors are believed to act within host cells to 218 suppress immunity and enhance pathogen growth [30] [31] [32] . To determine if P. 219 palmivora upregulates RXLR effectors during the colonization of Marchantia, we 220 analyzed the expression profiles of the P. palmivora RXLR effectors REX1, REX3, 221 and REX4 [28]. Significant upregulation of REX1 transcripts occurred during the 222 biotrophic phase at 2 dpi and REX3 levels increased throughout infection to a 223 maximum observed at 4 dpi ( Fig 2C) . REX4 expression peaked at 2 dpi, although 224 this was not statistically significant in all experiments. REX expression profiles were 225 similar to those observed in colonized N. benthamiana roots [28], demonstrating that 226 In order to assess broad transcriptional changes in P. palmivora during 230 liverwort colonisation, we performed RNA-sequencing of infected thalli (3 and 4 dpi) 231 and axenically grown P. palmivora mycelia, which served as an ex planta control.
232
Differential expression analysis revealed 3601 up-regulated and 932 down-regulated 233 P. palmivora genes expressed in planta relative to the ex-planta control (absolute 234 LFC ≥ 2, adjusted p-value < 10 -3 ) ( Fig 2D; Table S1 ). qRT-PCR analysis validated a 235 subset of colonization-induced P. palmivora genes, which were either upregulated 236 throughout colonization or were induced late during infection ( Fig S7) . Amongst all 237 up-regulated genes, 394 (11%) were predicted to encode putative secreted proteins 238 with RXLR effectors and cell wall degrading enzymes being the most abundant 239 functional categories ( Fig 2E) . Taken together these results suggest that P. 244 The accommodation of intracellular hyphal structures requires reorganization 245 of the host cell and the biogenesis of novel membranes to separate the host cell 246 from the pathogen. Moreover, plants responding to invading microbes often 247 accumulate callose, a β-1,3-glucan associated with cell wall strengthening. We 248 therefore applied callose staining and live-cell imaging of fluorescently tagged 249 proteins labelling membrane compartments to investigate the subcellular changes 250 associated with accommodating intracellular P. palmivora structures in Marchantia. 251 An extended callosic envelope is characteristic of dysfunctional intracellular 252 structures while functional interfaces display callosic collars that are limited to the 253 neck region or no callosic depositions at all [37, 38] . Aniline blue staining of ARI-td-254 infected TAK1 thalli revealed that callose deposition was limited to the peripherally-255 located neck region of intracellular infection structures ( Fig 3A, Fig S8) , suggestive of 256 functional P. palmivora-Marchantia interfaces. Next, we localized homologs of host 257 Rab GTPases that label oomycete haustoria in higher plants and are believed to 258 direct vesicle delivery to host-pathogen interfaces [39] . We generated transgenic To determine if air chambers facilitate P. palmivora colonization, we 297 compared the colonization phenotypes of wild-type TAK1 and air chamber-less nop1 298 mutants ( Fig 5) . As expected, P. palmivora ARI-td zoospores inoculated onto TAK1 299 thalli caused extensive disease symptoms by 7 dpi and continued to 14 dpi when 300 plants were essentially dead. In comparison, air chamber-less nop1 mutants 301 displayed reduced disease symptoms, with plants remaining relatively healthy 302 throughout the experiment ( Fig 5A) . To support these observations, we quantified 303 the expression of pathogen-specific marker genes indicative of biomass (PpEF1a) 304 and sporulation (PpCdc14) by qRT-PCR. Compared to wild-type TAK1, pathogen 305 biomass and sporulation were both significantly reduced in nop1 mutants ( Fig 5B) , 306 which indicates that P. palmivora fitness is largely dependent on the presence of air ). In support of this, confocal fluorescence microscopy identified invasive ARI-td 317 hyphal growth within nop1 epidermal cells by 3 dpi ( Fig 5F) . Taken together, our 318 results demonstrate that nop1-dependent changes in thallus architecture impair P. 319 palmivora proliferation, suggesting a key role for air chambers in supporting 320 pathogen colonization. In this study, we demonstrate that the broad host-range oomycete P. The colonization of Marchantia thalli by P. palmivora was largely limited to the 334 photosynthetic layer, with prolific hyphal growth within and between air chambers.
Host Cellular Responses to Intracellular Infection Structures

335
Colonization assays with the air chamber-less nop1 mutant revealed that these 336 structures largely contribute to disease susceptibility in Marchantia. This is likely due 337 to the fact that air chambers offer photosynthetic filament cells rich in carbohydrates 338 and provide a microenvironment with stable humidity, which is ideal for water molds 339 such as Phytophthora. Our results underscore the need for plants to protect 
12
The cell walls and surfaces of extant early land plants are less complex than 361 those of higher plants [50] . How this impacts interactions with pathogenic or 362 symbiotic microbes remains to be explored. It is tempting to speculate that simple 363 cell walls are susceptible to invading microbes, however this may not be the case. 364 For example, previous work in Marchantia demonstrated a differential capacity for 365 powdery mildew spore establishment, such that Erysiphe trifoliorum spores We identified several aspects of P. palmivora colonization that differ in The plants used in this study are described in Table S2 . All plants were cultivated Pathogen strains used in this study are described in Table S3 . P. palmivora ARI-td 465 mycelia were maintained by routine passaging on RSA (Rye Sucrose Agar) plates 466 and zoospores were collected from 7-10 day old cultures on V8 plates as previously 
